We assessed the quality of 31 urban soils in Pisa by analyzing total petroleum hydrocarbons (TPHs), Cd, Cr, Cu, Hg, Mn, Ni, Pb, Zn, and the platinum group elements (PGEs). The risk was evaluated by the geological accumulation index (I geo ) and the enrichment factor (EF). Results were compared with those obtained from a non-urban site and with the quantitative limits fixed by Italian legislation. In nearly all the monitored sites, the legal limit for TPH of 60 mg/kg in residential areas was exceeded, indicating widespread and intense pollution throughout the entire city area. The I geo indicated no Cd, Cu, Mn, Ni, and Zn pollution and minimal Pb and Cr pollution due to anthropogenic enrichment. Legal Hg and Zn limits of 1 and 150 mg/kg, respectively, were exceeded in about 20% of sites; Cd (2 mg/kg), Cr (150 mg/kg), and Cu (120 mg/kg) in only one site; and the Ni legal limit of 120 mg/kg was never exceeded. Some urban soils showed a higher Hg level than the more restrictive legal limit of 5 mg/kg concerning areas for industrial use. Based on the soluble, exchangeable, and carbonate-bound fractions, Mn and Zn showed the highest mobility, suggesting a more potential risk of soil contamination than the other metals. The TPH and both Cr and Hg amounts were not correlated with any of the other monitored metals. The total contents of Cd, Pb, Zn, and Cu in soils were positively correlated with each other, suggesting a common origin from vehicular traffic. The PGE values (Pt and Pd) were below the detection limits in 75%-90% of the monitored areas, suggesting that their accumulation is at an early stage.
Introduction
More than half of the world population lives in cities (United Nations 2012). The degree of urbanization exceeds 80% both in Europe and the USA (Pickett et al. 2011) and is expected to increase rapidly worldwide over the next 20 years. Urban areas are responsible for alterations in biogeochemical cycles (Pouyat et al. 2007) , air pollution (Seto and Satterthwaite 2010) , water contamination (Choqfi et al. 2004) , soil accumulation of trace elements (Wei and Yang 2010) , global and local climate change (Heisler and Brazel 2010) , soil consumption, desertification, and sealing (Scalenghe and Ajmone-Marsan 2009) .
In the BThematic Strategy on the Urban Environment( Commission of the European Communities 2006), the EU highlighted the importance of urban environment quality indicators and their monitoring. Among the indicators determining the quality of urban green areas, one of the main features is soil quality. According to the European Environment Agency (EEA), 250,000 sites have been identified as contaminated across the EU, mainly by metals and mineral oils. In urban soils, pollutants accumulate from either localized or diffuse sources.
Typical contaminants include trace elements and persistent organic pollutants, which represent a potential danger to human health and ecological systems.
The main source of hydrocarbons in soil is anthropogenic, originating from the incomplete combustion of fossil fuels from residential heating, industrial processes, and vehicular traffic (Andreou et al. 2008; Wang et al. 2017) . Other sources of hydrocarbons in soils are the disposal of waste materials, road runoffs, and car tire shredding, as well as accidental fuel spills and leakages (Jones and de Voogt 1999) . Consequently, the hydrocarbon contamination of topsoil (0-20 cm) has been detected in urban areas worldwide (Ma et al. 2009; Andong Omores et al. 2017) , where hydrocarbons usually lead to widespread contamination, characterized by large areal extents, relatively low concentrations, and the lack of identifiable sources (Johnsen et al. 2006 ). In addition, contamination due to accidental oil spills during transport or near gas stations is frequent (Vega et al. 2009 ).
The level of soil hydrocarbons is not affected by accumulation (Bmemory^effect), because they are subject to microbial degradation (Baboshin and Golovleva 2012) , which in turn is influenced by environmental and soil conditions (Riffaldi et al. 2006; Zhang et al. 2006) .
The effects of heavy metal pollution on the urban ecological environment and human health are of increasing concern (Burt et al. 2014; Chen et al. 2015; Doležalová Weissmannová et al. 2015; Luo et al. 2015; Qing et al. 2015; Wei et al. 2015) . Calculating concentration of heavy metals in soils can provide information on possible enrichment, but generally, heavy metals are poor indicators for estimating environmental and biological effects. In fact, the mobility, bioavailability, and persistence of soil heavy metals are influenced not only by their concentrations but also by soil properties and their interaction with the chemical organic and inorganic substances of the soil matrix (Acosta et al. 2015) . It is thus important to recognize the speciation of metals in different fractions.
In order to assess the amounts of mobile or potentially mobile species in soil, selective extraction methods have been used to release the more or less specific individual forms of elements. Among the sequential extraction procedures proposed, the modified version (Rauret et al. 1999 ) of the three-step scheme proposed by the former European Community Bureau of Reference (BCR) has been widely used in urban soil studies (Wu et al. 2008; Mossop et al. 2009 ). This procedure differentiates between four heavy metal fractions with a different degree of lability. The four fractions are (a) the labile form, including both the exchangeable form (subjected to soil particle sorptiondesorption processes) and the carbonate-bound form; (b) the reducible form (bound to Fe and Mn oxides); (c) the oxidizable form (bound to sulfides and organic matter); and (d) the residual form (containing primary and secondary minerals, which may hold trace metals within their crystal structure).
With the introduction of automobile catalytic converters, Pt and Pd (platinum group elements (PGEs)) have been extensively released into the environment and have thus been increasingly studied by environmental scientists (Dubiella-Jackowska et al. 2009; Wiseman and Zereini 2009; Almeida et al. 2016) . In addition to vehicular traffic, PGE emissions can also derive from effluents from hospitals, dental laboratories, and jewelry manufacturing (Jollie 2006) . In the past, PGEs were believed to be relatively inert but they have now been shown to undergo environmental transformations into more reactive species through complexation with organic matter or solubilization in low pH rainwater (Dubiella-Jackowska et al. 2009 The aim of this study was to monitor the pollution level of 31 urban green areas in Pisa by measuring the content of total petroleum hydrocarbons (TPHs), and the amount and mobility of the most harmful elements, including the PGEs. The evaluation of the contaminated sites involved two terms of comparison: (a) a rural site at the S. Rossore-Migliarino-Massaciuccoli Natural Regional Park (latitude 43°42′ 48.84″ N, longitude 10°2 1′ 44.47″ E) used as a control and (b) the quantitative limit of Italian legislation (Repubblica Italiana 2006) for each substance, used as a reference.
Materials and methods

Sampling procedure
Soil samples were collected from 31 sites around the urban areas of the city of Pisa. Though the soil matrix could be different in an alluvial plain, as the control a sample soil was collected from a rural area of a similar lithogenic origin, located in BS. Rossore-MigliarinoMassaciuccoli Natural Regional Park^(latitude 43°42′ 48.84″ N, longitude 10°21′ 44.47″ E), near Pisa ( Fig. 1) . At each site, three samples, each formed by five subsamples, were randomly collected from the topsoil (depth 0-20 cm), after removing the herbaceous cover. The subsamples were taken within a 2 × 2 m square, four from the corners and one from the middle of the square. The sampling was performed with a stainless steel hand auger and all the soils that came into contact with the metallic digging tools were carefully eliminated, before packing the soil into plastic bags, to avoid cross-contamination. For each main sample, a total of 5 kg of soil was taken. In the laboratory, the samples were air-dried at room temperature (20 ± 1°C), and, after removing any plant material such as roots and leaves, they were stored at 4°C until analysis. Tests were carried out in triplicate.
Soil characteristics
General soil physical and chemical features (Table 1) , including bulk density, texture, maximum waterholding capacity, pH, and inorganic C (CaCO 3 ), were determined according to the official Italian methods (Repubblica Italiana 1999) . Total carbon was measured by dry combustion with an automatic C analyzer FKV induction furnace 900 CS, Eltra (F.K.V.) The organic carbon content of the soil samples was obtained by the difference between the total and inorganic carbon.
TPHs
The TPH soil content was determined by the Platen's method (1995) . Briefly, 1.5 g of air dry soil was dehydrated with Na 2 SO 4 and then thoroughly mixed with 1,1,2-trichlorotrifluorethane (ClCF 2 CCl 2 F) in a dark glass vial for 120 min (extraction ratio 1:10) by mechanical agitation. The extracts were filtered on Florisil (MgO 3 Si) columns (Bond Elut Varian; Agilent Technologies Inc., Santa Clara, CA, USA). The CH 3 and CH 2 groups of TPH extracts were quantitatively determined using an infrared spectrometer (PerkinElmer 1600 IR spectrometer, PerkinElmer Inc., Waltham, MA, USA) in a range of wavelengths of between 3200 and 2800 cm −1 . The values were elaborated using Spectrum 2.0 (PerkinElmer Inc., Waltham, MA, USA).
Total content of heavy metals and PGEs
Soil heavy metals and PGE (Pd and Pt) contents w e r e d e t e r m i n e d f o l l o w i n g I S O 1 1 4 6 6 (International Organization for Standardization 1995). This entails the mineralization of 1 g of soil crushed and sieved to 200 μm (≅80 mesh) with aqua regia, a mixture of nitric and hydrochloric acid (1:3 ratio). Individual elements were determined by inductively coupled plasma-mass spectrometry (ICP-MS). Detection limits for heavy metals are reported in Table 2 , while the limits for PGEs were Pd 5.0 μg/kg and Pt 2.0 μg/kg.
Heavy metal forms
The speciation of selected metals (Cd, Cr, Cu, Mn, Ni, Pb, and Zn) was carried out in the most polluted areas by the BCR method (European Official Method) as modified by Rauret et al. (1999 Heavy metals were determined in supernatants and digests by a flame atomic absorption spectrophotometer (PerkinElmer Lambda 25 UV/Vis spectrometer, Perkin Elmer Inc., Waltham, MA, USA).
Risk assessment
In order to quantify the degree of pollution or enrichment of potentially toxic elements in soils, and their potential environmental hazard, a geological accumulation index (I geo ) and enrichment factor (EF) were calculated. I geo was calculated according to the equation: I geo = log 2 [Cx/ 1.5 Bx], where Cx represents the concentration measured of the element x and Bx is the geochemical background value of the element. The factor 1.5 was introduced to minimize the possible variations in the background values. I geo values were interpreted as I geo < 0 = unpolluted, 0 ≤ I geo < 1 = unpolluted to moderately polluted, 1 ≤ I geo <2 = moderately polluted, 2 ≤ I geo <3 = moderately to strongly polluted, 3 ≤ I geo <4 = strongly polluted, 4 ≤ I geo <5 = strongly to extremely polluted, and I geo ≥ 5 = extremely polluted (Forstner et al. 1990 ). The EF calculation was based on the normalization of a measured element against a reference element. In this study, Fe was used as a reference element (Table 5) (Li and Feng 2012) . Values of EF close to 1 indicate Fig. 1 Map location of the study area and distribution of sampling sites natural origin, whereas amounts >10 are considered to originate mainly from anthropogenic sources. The EF values were interpreted as EF < 2 = deficiency to minimal enrichment, 2 ≤ EF <5 = moderate enrichment, 5 ≤ EF <20 = significant enrichment, 20 ≤ EF <40 = very high enrichment, and EF ≥ 40 = extremely high enrichment (Sutherland 2000) .
Statistical analyses
Results were expressed on a dry soil basis and were presented as means ± standard deviation (SD). For each parameter, a one-way ANOVA (site as variability factor) was performed using CoStat version 6.311 (CoHort Software, Monterey, CA, USA). Means were compared by Tukey's HSD test. Differences at P < 0.05 were considered statistically significant.
A correlation coefficient analysis (CCA) was carried out by Pearson's product-moment correlation coefficient. The CCA was performed using NCSS (2004 version, Number Cruncher Statistical Systems, Kaysville, UT, USA). Table 2 shows the total petroleum hydrocarbon (TPH) content of urban soils in Pisa. The TPH content was in a wide range of between 38.3 and 419.1 mg/kg dry soil, which is comparable with values (from 2 to 845 mg/kg) reported by several authors in soils from many cities worldwide (Müller et al. 2001; Adeniyi and Afolabi 2002; Azimi et al. 2005; Henriquez et al. 2006; Aichner et al. 2007; Pies et al. 2007; Morillo et al. 2007; Manzo et al. 2008; Teaf et al. 2008; Ma et al. 2009; Andong Omores et al. 2017) . The highest level of TPH was in a green space located close to a gas station and a flowerbed traffic divider, in which there were clear signs of the disposal of bituminous material from a recent tarmacking of the adjacent road. The areas where the value of 100 mg/kg soil was exceeded were characterized by particularly intense vehicular traffic. However, the control site showed 54.5 mg/kg soil, which was not statistically different from values observed in most (≅75%) of the monitored areas.
Results and discussion
Petroleum hydrocarbons
Since the extraction method used in our experiment did not differentiate between different hydrocarbon categories, the limit of 60 mg/kg used as a reference was calculated by adding Blight^hydrocarbon values, i.e., constituted by a number of carbon atoms less than 12 (10 mg kg −3 soil), and Bheavy^hydrocarbons (C > 12) (50 mg/kg soil), as established by Italian legislation for the maximum level of hydrocarbon content in public green, private, and residential areas (Repubblica Italiana 2006) . Generally, the soils in the city of Pisa showed widespread pollution from petroleum hydrocarbons, with very few areas under the legal threshold of 60 mg/kg. This pattern agrees with general findings indicating that roadside (traffic) and industrial areas are important emission sources of PAHs (Wang et al. 2017) . The limit of 60 mg/kg soil was exceeded in approximately two thirds of the sites. The content of the remaining areas was also close to this value.
Heavy metals
Cadmium
The Cd total content of urban soils in Pisa is shown in Fig. 4 . Values ranged widely between 0.13 and 1.90 mg/ kg of soil, with a mean of 0.35 (Table 2 ). The largest differences may be explained by the findings of Huang et al. (2015) , who found that Cd pollution originates from point sources. In the control site, the Cd content was statistically no different from most (≅90%) of the monitored areas, and slightly lower than the mean value of soils in Italy (Bini et al. 1988 The geological accumulation index (I geo ), a quantitative measurement of the degree of metal pollution, has been widely used in urban soil studies. On the other hand, the EF of an element in a soil sample is used to distinguish between heavy metals from an anthropogenic source and those of a natural origin (Chen et al. 2015) . On average, the Pisan urban soils showed a Cd I geo of −0.40, typical of unpolluted areas, and the EF (1.63) indicated a minimal Cd anthropogenic enrichment (Table 5 ). The I geo index indicated a minimum level of Cd pollution for about 94% of the monitored sites (Table 5) , while one site was classified as minimally polluted and another as moderately to strongly polluted. The EF indicated no Cd anthropogenic enrichment in 80% of the areas, a moderate enrichment in 15% of the sites, while one site showed a significant enrichment (Table 5 ). The anthropogenic enrichment for Cd has already been observed by Doležalová Weissmannová et al. (2015) in urban soils in Ostrava (Czech Republic).
Chromium
The Cr total contents of urban soils in Pisa are reported in The control site showed a significantly lower Cr value than observed in the urban areas, and considerably lower than 95.0 mg/kg soil, which is the Italian soil background of the element, according to Bini et al. (1988) . Contamination assessment indices are reported in Table 5 . The I geo classified 61% of the monitored sites as not significantly polluted, while the remaining 32% were classified as unpolluted to moderately polluted and 7% as moderately polluted. These latter values exceeded the limit of 150 mg/ kg soil established by the Italian legislation (Repubblica Italiana 2006) . The EF generally indicated a minimal anthropogenic enrichment, with about 10% of the areas showing a moderate enrichment, indicating that Cr originated mainly from lithogenic substrate. The enrichment of Cr in some areas could be due to the disposal of the metal through contaminated soils or waste, such as tannery sludge. However, since the labile fraction was absent in all areas (Fig. 3) , it would be very improbable that they are polluted by tannery sludge. In sites with a similar Cr total content to the control, the greatest amount was in the residual fraction (70-80%), while low quantities (8-10 and 10-15%, respectively) were observed in the fractions bound to Fe/Mn oxides and hydroxides as well as to organic matter and sulfides. These results are in agreement with Wang et al. (2006) and Plyaskina and Ladonin (2009) . In the enriched areas, an increase in both the reducible fraction (15%) and the oxidizable form (50%) was found.
Copper
Copper is common in many urban soils because of its increased use in civil and industrial activities, such as coal and oil combustion, pesticide and dye use, and especially from vehicular traffic (USEPA 2006). Figure 2 reports the total amounts and Cu forms of urban soils in Pisa. The total content ranged widely between 30.9 and 142.3 mg/kg of soil, with a mean of 67.4 ( Table 2 ). The control site showed a Cu value of 32.2 mg/kg soil, which is statistically equal to that observed in a small fraction (≅10%) of the urban soils. The Cu amount exceeded the limit value of 120.0 mg/kg soil established by Italian legislation for residential areas in only two areas. The same two sites showed I geo indexes that are typical of moderately polluted areas, and typical EF values of a moderate anthropogenic enrichment (Table 5) (Fig. 3) . Most of the element was found in the residual fraction (approximately 60%), while in the oxidizable and reducible forms, smaller quantities were found (10-20 and 20-30%, respectively). In the most enriched sites, Cu was associated with reducible and oxidizable fractions, which reached about 60% of the total content. These results are not in agreement with Davidson et al. (2006) , who reported that Cu was mostly in the fraction bound to the organic matter.
Mercury
The Hg total content of urban soils in Pisa ranged between 0.04 and 9.61 mg/kg of soil (mean value 0.86) ( Table 2 ). The Hg content of the control site was 0.08 mg/kg soil, which is statistically not different from most (≅80%) of the monitored areas, and similar to the mean values of 0.06 mg/kg soil found in world soils (Adriano 2001) . In the remaining 20% of areas, much higher values were detected. In these sites, the limit of 1.0 mg/kg soil, established by Italian legislation (Repubblica Italiana 2006), was exceeded. In two of these sites, the limit of 5.0 mg/kg soil, established for industrial areas, was also exceeded. This type of point source pollution may be due to a contaminated imported backfill. The total Hg amounts of urban areas were comparable with those found in urban soils of Naples, Benevento, Caserta, Salerno, and Avellino Table 5 .
On average, Pisa urban soils showed an I geo of 2.88, typical of polluted areas, and attributable to a significant anthropogenic enrichment (mean value of 7.89). The I geo showed that more than 50% of the areas were minimally contaminated, almost 30% revealed a moderate degree of pollution, and the remaining areas were between strongly and extremely polluted. The EF displayed a poor anthropogenic enrichment in more than 70% of the areas, about 20% of the sites were significantly enriched, and two sites revealed an extremely high degree of Hg enrichment. Given that Hg accumulation does not originate from human activities typical of urban areas, such as vehicular traffic and domestic heating, the enrichment is assumed to derive from the disposal of contaminated soils or waste, such as medical or industrial sludge. Anthropogenic enrichment was also reported by Doležalová Weissmannová et al. (2015) in urban soils in Ostrava (Fig. 4) .
Manganese
The Mn total contents of the urban soils in Pisa are shown in Fig. 2 . Values ranged between 509 and 1063 mg/kg of soil, with a mean of 705 (Table 2 ). The Mn contents for the city of Pisa were comparable to those of the cities of Ljubljana (150-1400 mg/kg; Davidson et al. 2006) and Pretoria (329-864 mg/kg; Okonkwo et al. 2009 ). In the control site, Mn was 526 mg/kg soil, which is significantly lower than values observed in nearly all the monitored areas, and significantly lower than the mean value of 873 mg/kg soil, of Italian soils (Bini et al. 1988) . Italian legislation does not set any limit with regard to the content of manganese in soil. I geo showed no soil pollution and the lack of a significant anthropogenic Mn enrichment (Table 5 ). The predominant Mn fractions were the reducible form, which on average reached about 50%, and the labile form, which was 28.9% (Fig. 3) . The Table 4 Platinum group elements (PGEs) of Pisa urban soil value (mean + standard deviation) S i t e 1 2 3 5 7 8 1 4 2 9 3 0 Pt 2 ± 0.0 3 ± 1.0 2 ± 0.3 7 ± 1.0 10 ± 2.0 2 ± 0.3 2 ± 0.7 2 ± 0.7 8 ± 4.6 Pd nd nd nd 11 ± 3.9 nd nd 27 ± 15.2 27 ± 18.0 nd
The sites where the amounts were below the instrumental limits are not reported nd not detectable Okonkwo et al. (2009) in the urban soils in Pretoria, where the residual fraction was the most represented, accounting for about 60% of the total amount.
Nickel
The Ni total content ranged narrowly between 43.0 and 77.1 mg/kg of soil, with a mean of 55.2 (Table 2 ). The
Ni content of the control site was significantly lower compared to nearly all the monitored areas, and slightly lower than the mean value of 65.0 mg/kg of Italian soils (Bini et al. 1988 Davidson et al. 2006) , and Trondheim (6-231 mg/kg; Andersson et al. 2010) . Neither I geo nor EF showed any pollution and anthropogenic enrichment of the urban soils (Table 5) . Values were in any case lower than the limit of 120 mg/kg soil established by Italian legislation (Repubblica Italiana 2006) . The residual fraction was clearly the highest, accounting for about 65% of the total amount (Fig. 3) . The labile fraction was present in small quantities (3.5%) in almost all areas, while reducible and oxidizable fractions were about 16-17% of the total content. These results are in agreement with those found by Davidson et al. (2006) in urban soils from five European cities, by Thums et al. (2008) in an urban brownfield in Wolverhampton, and by Plyaskina and Ladonin (2009) in urban soils in Moscow.
Lead
The Pb total content ranged widely between 19.6 and 275.4 mg/kg of soil, with a mean of 83.6 (Table 2 ). In the control site, the Pb content was 24.5 mg/kg soil, which is similar to values observed in a small fraction (≅16%) of the monitored areas, and comparable with the mean value of 26.0 in Italian soils (Bini et al. 1988) . Although considerably lower than the mean value of 218.6 mg/kg found in the coastal cities of Tuscany (Bretzel and Calderisi 2006) , the total Pb content in the urban soils was comparable to values found in urban soils in Ancona (22-151 mg/kg; Businelli et al. 2009), Avellino and Caserta (20-2052 mg/kg; Cicchella et al. 2008), Shangai (13-193 mg/kg; Shi et al. 2008 ), Berlin (24-1490 Birke and Rauch 2000) , and Trondheim (9-976 mg/kg; Andersson et al. 2010) . Approximately 30% of the examined sites showed a I geo typical of moderately polluted areas, while 13% indicated a strong pollution trend (Table 5) . The limit of 100 mg/ kg soil, established by Italian legislation (Repubblica Italiana 2006) , was exceeded in about 30% of the monitored areas. On average, the urban soils in Pisa showed a Pb I geo of 1.10, which is typical of minimally polluted areas, while the EF (2.58) indicated a moderate anthropogenic enrichment (Table 5 ). The EF exhibited a moderate anthropogenic enrichment of Pb in 25% of the sites, while 16% of Pisa urban soils showed a significant enrichment (Table 5 ), in line with the findings of Doležalová Weissmannová et al. (2015) . Lead is present in low amounts in the pedogenic substrate of coastal Tuscany (APAT 2003) , which suggests that its enrichment had an anthropogenic origin, mainly from its use in glass, car batteries, and electronic waste (USEPA 2006) . Another source of pollution is vehicular traffic, as Pb is used as an additive in gasoline. Although Pb use is banned by law in many areas in the world, this element moves slowly and what reached the soil in past decades is still there. The highest amount of Pb was in the reducible fraction (70-80%) (Fig. 3) . The labile and residual fractions were small in all the examined areas. Accordingly, in different types of soils and climates, Pb is found mostly in the reducible form, i.e., bound to soil oxides and hydroxides of Fe and Mn, followed by the residual form Davidson et al. 2006; Yang et al. 2006) . However, in areas with a high total content of Pb, it was uniformly distributed within the single fractions.
Zinc
The Zn total content ranged widely between 61.7 and 522.7 mg/kg of soil, with a mean value of 121.5 (Table 2 ). In the control site, the Zn content was 51.0 mg/kg soil, which is statistically lower than values observed in nearly all urban soils, and slightly lower than the mean value of 68.0 in Italian soils (Bini et al. 1988) . Values were comparable to those (45-337 mg/kg) reported for coastal cities in Tuscany by Bretzel and Calderisi (2006) , and very similar to (Table 5 ). Since the Zn amount is not a predominant fraction in the pedogenic substratum in the Pisa area (APAT 2003) , it can be assumed that there was a considerable anthropogenic contribution. This is confirmed by the EF which indicated a moderate anthropogenic enrichment in 25% of the areas and a significant enrichment in one site (Table 5 ). The main source of Zn enrichment in urban environments may be vehicular traffic, related to emissions from the wearing of brake linings, tires and road surfaces, loss of oil and cooling liquids, and corrosion of galvanized steel safety fences and other road furniture (Blok 2005) . The Zn accumulated mainly in the reducible fraction, where the metal exceeded 25% in areas with a low Zn content, and was up to 40-50% in soils with the greatest degree of pollution (Fig. 3) . The labile fraction, which was absent in the control, was present in all other areas (10.1%), and was more marked in sites showing a high total content. The oxidizable fraction, which was absent in the control, showed relatively low values in all other areas (about 5%). The residual fraction was around 50% of the total Zn, suggesting accumulation. These results are in agreement with the findings reported for urban soils in Nanjing by Lu et al. (2003) . However, they disagree with the findings reported by Öborn and Linde (2001) , Plyaskina and Ladonin (2009), and Davidson et al. (2006) , who found that Zn was concentrated in the labile forms or equally distributed in the various chemical fractions. Table 3 shows the correlation analysis data in relation to soil pollutants in urban sites in Pisa. The TPHs did not correlate with any of the measured heavy metals. The lack of a relationship between organic and inorganic pollutants, indicating different behavior, has already been reported by Alloway (2004) and Dallarosa et al. (2008) , although a strict correlation was demonstrated by Wang et al. (2004) . Among metals, Cr and Hg contents showed no correlations with the other elements, suggesting a different source of contamination or a different spatial distribution. The total soil contents of Cd, Pb, and Zn, although with a lower level of Cu correlation, showed positive relationships. Similar findings were reported by Mielke et al. (2000) , Wang et al. (2004) , Maisto et al. (2006) , Sun et al. (2010) , Iqbal and Shah (2011), and Qing et al. (2015) , who suggested a common origin from the vehicular traffic. The total content of Mn correlated positively with that of Ni, in accordance with Huang et al. (2015) , who suggested that both metals mainly originated from natural sources.
Platinoids
The accumulation of platinoids (Pt and Pd) originated from the release of small particles containing these elements due to Bthree-way^catalytic converter abrasion and deterioration (Ek et al. 2004; Morcelli et al. 2005) . Increasing amounts of Pt and Pd were detected in the USA and Germany (Hodge and Stallard 1986; Schäfer and Puchelt 1998; Zereini et al. 2001; Sutherland et al. 2007; Wiseman and Zereini 2009) . Table 4 reports the total platinoid content in the urban soils of Pisa. The Pt amounts were below the detection limits of 2 μg/kg of soil in about 75% of the monitored areas. In 10% of the sites, the Pt content was 8-10 μg/kg soil. These areas were located at junctions with dense traffic. A similar pattern was observed for Pd, which was below the instrumental limit of 10 μg/kg dry soil in 90% of the monitored areas. In the remaining sites, the Pd content ranged from 11 to 27 μg/kg soil. Since it was possible to measure Pd in three of the areas where Pt was also detected, a similar origin for the two metals can be assumed. The values of Pt and Pd found in urban soils in Pisa were comparable with findings observed in many urban soils in Italy (Cinti et al. 2002; Spaziani et al. 2008; Fumagalli et al. 2010) , where their accumulation has probably just begun.
Conclusions
More than 50% of the areas in Pisa showed TPH values in the range of 100 and 150 mg/kg, indicating widespread and intense pollution throughout the entire city. The legal limit for TPH of 60 mg/kg (Repubblica Italiana 2006) in residential areas was exceeded in almost all the monitored sites, including the control. The TPH values did not correlate with any of the monitored metals.
Generally, urban soils in Pisa showed an I geo of Cd, Cu, Mn, Ni, and Zn typical of unpolluted areas (Table 5) . However, the amounts of Zn were higher than the limit established by Italian legislation for residential areas (Repubblica Italiana 2006) in about 20% of the sites, where Zn was also always present in the labile and thus more available fraction. Cd, Cr, and Cu amounts exceed the limit established by Italian legislation in only one site, while the Ni total content was always lower than the limit.
The I geo showed a significant level of Cr pollution in about 7% of the urban soils in Pisa. The EF indicated a moderate anthropogenic enrichment of Cr in about 10% of the areas, where the metal was mainly in the oxidizable form. In the remaining sites, Cr was detected in the residual fraction, thus indicating that it originated mainly from the lithogenic substrate. The urban soils in Pisa showed an I geo typical of minimally polluted areas for Pb, with levels exceeding the limit established by Italian legislation in about 30% of the monitored areas. The EF indicated a moderate anthropogenic enrichment of Pb, mainly in the reducible fraction. The I geo indicated a significant degree of Hg pollution in all sites due to an anthropogenic enrichment.
The mobility sequence of the heavy metals based on the soluble, exchangeable, and carbonate-bound fractions decreased in the order of Mn (28.9%) > Zn (10.1%) > Ni (3.5%) > Pb (2.3%) > Cr and Cu (absent), suggesting that Mn and Zn pose more of a potential risk of soil contamination than other metals.
Total Cr and Hg contents showed no correlation with other metals, suggesting a different source of enrichment. The total contents of Cd, Pb, Zn, and Cu in soils correlated positively with each other, indicating a common origin from vehicular traffic.
The Pt and Pd values of urban soils in Pisa were comparable with findings observed in many Italian urban soils. The Pt and Pd amounts were below the detection limits in 75-90% of the urban soils, with the greatest amounts in sites located at junctions with dense traffic. It can thus be hypothesized that their accumulation was at an early stage.
Further studies could be necessary to deepen the relation between factors that affect the mobility of metals and urban soils. Also, our data represent a starting point for researches aimed at monitoring platinoid pollution in urban and extra-urban areas.
